The radiative and chemical interactions of stratospheric water vapour (SWV) mean that SWV has a significant influence on the climate. Based on the Stratospheric Water and OzOne Satellite Homogenized (SWOOSH) SWV data (100−1 hPa, 60°S to 60°N), variations in the middle and upper SWV are mainly investigated over the past two decades. Water vapour variations below 10 hPa are found to result from upward transport of the lower SWV. Using empirical orthogonal function analysis and regression analysis of the anomalous upper SWV variability, it is found that upper SWV variations have an 11-year period controlled by the solar cycle as well as a 2-year cycle regulated by the quasi-biennial oscillation (QBO). Our results also show that state-of-the-art chemistry-climate models perform poorly in simulating the upper SWV variations. It is possibly because the effect of lower-middle SWV changes on the upper SWV variations is too strong in the simulations.
Introduction
Due to its radiative and chemical significance, variations in stratospheric water vapour (SWV) can influence climate change (Dessler et al. 2008 (Dessler et al. , 2013 Shindell 2001; Forster and Shine 2002; Solomon et al. 2010) ; consequently, a better understanding of these variations would help to improve our predictions of future climate change (Oninas et al. 2001; Stenke and Grewe 2005; Tian et al. 2009 ). Understanding the observed SWV variations and determining the factors that control such variations have become subjects of great interest in recent years (Holton and Gettelman 2001; Rosenlof et al. 2001; Randel et al. 2006; Dhomse et al. 2008; Wang et al. 2014 Wang et al. , 2015 . Observations have shown that SWV increased between 1981 and 2000, began to decrease after 2000, before increasing again after 2005 (Oltmans et al. 2000; Hurst et al. 2011) . Although these changes in SWV levels have been widely studied (Sherwood and Dessler 2000; Rosenlof 2003; Scaife et al. 2003; Jiang et al. 2007 Jiang et al. , 2015 Fu 2013; Hegglin et al. 2014; Xie et al. 2014a) , the characteristics of the SWV variations and their controlling factors remain debated. Because of the vertical transport of water vapour (known as the SWV tape recorder signal; Mote et al. 1996) , the changes in SWV are considered to result from changes in tropospheric water vapour entering the stratosphere.
Consequently, the SWV is thought to be controlled by the tropical cold-point tropopause temperature (Randel and Jensen 2013) , because of the freeze-drying that occurs when tropospheric air enters the stratosphere in the tropics (Brewer 1949) . Although water vapour would freeze at the cold-point tropopause, it is thought that strong and deep convection might transport ice into the stratosphere (Rosenlof 2003) . A simulation study showed that variations in transport explain 30% of the lower SWV changes over the past several decades (Tian and Chipperfield 2006) . In particular, the upward transport in the Asian summer monsoon is thought to be capable of transporting a large amount of water vapour into the stratosphere (Gettelman et al. 2004; Fu et al. 2006; Su et al. 2011; Bian et al. 2011 Bian et al. , 2012 . As volcanic eruptions can change the tropopause temperature and bring tropospheric water vapour into the stratosphere, SWV can increase significantly after such eruptions (Considine et al. 2001; Joshi and Jones 2009) . Garfinkel et al. (2013a) suggested that the decrease in SWV since 2000 was caused by an increase in sea surface temperature over the western Pacific warm pool, which has cooled the tropopause. In addition, Dessler et al. (2013) emphasized the role of variations in the quasi-biennial oscillation (QBO) as a primary control on the SWV changes.
As much of the attention has focused on understanding changes in the lower SWV, we have limited knowledge of the variations in the middle and upper SWV. Because the tape recorder signal can be found at about 10 hPa, it is believed that variations in the middle and upper SWV are also controlled mainly by the upward transport of water vapour (Mote et al. 1996) . Using a coupled chemistry-climate model, the water vapour trend in the upper stratosphere has been shown to be controlled mainly by methane oxidation, and the contribution from the chemical decomposition of methane in the middle and upper SWV has also been estimated (Rosenlof et al. 2001; Tian and Chipperfield 2006) . The influence of the 11-year cycle in solar irradiation on the middle-upper SWV has been investigated using simulations (Woods et al. 2000; Gabriel et al. 2011) . The limited observations indicate that the semi-annual oscillation (SAO) and the QBO signals consist in the upper SWV (Jackson et al. 1998; Dunkerton 2001) . Tao et al. (2015a, b) used a chemical Lagrangian model to investigate the middle and upper SWV variations caused by the QBO combined with a sudden stratospheric warming event. These studies analyzed the different effects of various factors on the middle-upper SWV; however, the nature of the variations in the middle and upper SWV over recent decades, and the factors that have controlled these variations, have not been studied in detail.
Data and methods
The stratospheric water vapor (SWV, 100−1 hPa, 60°S to 60°N) is divided into lower SWV (LSWV, 100−70 hPa, 60°S to 60°N), lower-middle SWV (LMSWV, 70−30 hPa, 60°S to 60°N), middle-upper SWV (MUSWV, 30−10 hPa, 60°S to 60°N), and upper SWV (USWV, 10−1 hPa, 60°S to 60°N) in this study. The (Glaze et al. 1997; Textor et al. 2003; Joshi and Shine 2003; Joshi and Jones 2009; Chiodo et al. 2014; Schieferdecker et al. 2015) . The variations in LSWV, LMSWV, and MUSWV from 1992 to 2013 all show a linear decreasing trend. Figures 1b and 1d show the lead-lag correlations among the low-pass filtered LSWV, LMSWV, and MUSWV (Low-pass filter is in order to get rid of the impact of QBO and high-frequency signal on the correlation coefficient between water vapor variations at different layers). Significant maximum negative correlations and are observed at a lag of ~6 months (R = ~0.85) when the LSWV leads LMSWV and ~12 months (R = ~0.81) when the LMWV leads MUSWV. It is found that the average speed of vertical velocity of BD circulation between 100 hPa and 30 hPa (interval 70 hPa) is −0.0005 Pa/s and between 70 hPa and 10 hPa (interval ~60 hPa) is −0.00025 Pa/s. Thus, the water vapor from 100 hPa to 30 hPa needs ~6 months and from 70 hPa to 10 hPa needs ~12 months. The upward propagation of water vapor signal is well consistent with the speed of BD circulation. It illustrates that the variations in water vapour below 10 hPa result mainly from the LSWV variations because of the LSWV upward transport (Figs. 1a, 1b, 1c, and 1d) . However, the USWV variations are not in agreement with the MUSWV variations (Fig. 1e) . The linear trend of USWV is increasing whereas that of the MUSWV is decreasing. In addition, the lead-lag correlation between the MUSWV and USWV variations is not significant when the MUSWV leads USWV (Fig. 1f ) . This implies that the variations in USWV are not solely related to middle and lower SWV variations. It should be pointed out that the USWV also shows an increase over the period 1992−2000 and a decrease after 2000, which is a nature of the variations in the middle and lower SWV caused by large volcanic eruption. However, the variations in the USWV may not be related to volcanic eruptions because the effects of major volcanic eruptions on SWV are considered to be limited basically below the 10 hPa level (Löffler et al. 2015) .
To further analyze the variations in the USWV, an EOF analysis was performed on the USWV variations from 1992 to 2013. Figure 2a shows that the leading principal component (PC1, which accounts for ~30% of the variance) of USWV variations is strongly correlated with the variations in USWV, indicating that the leading EOF mode may well represent the temporal variability in USWV. Figure 2b shows the EOF mode (EOF1). The maximum loadings of the EOF1 spatial pattern are located in the tropical upper stratosphere, suggesting that the variations in the leading mode of the USWV result from a process in the upper stratosphere. However, the upward transport of lower and middle SWV anomalies, thereby influencing the USWV, deems to not a decisive factor on controlling the USWV variations.
To identify the process that controls PC1, Fig. 3a shows the results of a spectral analysis of PC1, which highlights a decadal variation (11-year period) and an interannual variation (2-year period). This indicates that the variations in PC1 are caused by both the solar cycle and QBO, which affect stratospheric water in different phases (Woods et al. 2000; Gabriel et al. 2011) . To analyze the relationship between PC1 and the solar cycle, a lowpass filter was applied to PC1. However, the simultaneous correlation between the low-pass-filtered PC1 and the solar cycle is not significant (Fig. 3b) . In fact, a lead correlation revealed that the low-pass-filtered PC1 is significantly anti-correlated with the solar cycle when the solar cycle exceeds PC1 variations for ~3 years (maximum correlation coefficient of −0.8; Fig. 3c The Stratospheric Water and OzOne Satellite Homogenized (SWOOSH) dataset is a merged record of stratospheric ozone and water vapour measurements taken by a number of limb sounding and solar occultation satellites over the past 30 years, and gives similar results to the Global Ozone Chemistry and Related trace gas Data Records for the Stratosphere (GOZCARDS) project (Froidevaux et al. 2015) . The primary SWOOSH product is a monthly-mean zonal-mean gridded data set containing ozone and water vapor data from the SAGE-II/III, UARS HALOE, UARS MLS, and Aura MLS satellite instruments, spanning 1984 to present. For both ozone and water, corrections are applied to the SAGE, HALOE, and UARS MLS data to force agreement with the Aura MLS measurements. The corrections are additive offsets that vary with latitude and height, but not with time, and are determined from coincident observations closely matched in space and time during the instrument overlap time periods. Tropopause variables are calculated from the Modern-ERA Retrospective Analysis for Research and Applications (MERRA).
As there are too many missing values in the data before 1992 (after 1991 the HALOE data are available; however, the data collected during 1991 were contaminated by volcanic activity), this study uses data covering the period 1992−2013. This dataset has many kinds of horizontal and vertical grids. In this study, the horizontal resolution is 2.5° zonal mean (latitude: 90°S to 90°N) and vertical pressure range has 31 levels (316−1 hPa). The measurements are homogenized by applying corrections calculated from data collected during periods of instrument overlap. For further details, see http://www.esrl.noaa.gov/csd/groups/csd8/swoosh/ usersguide.pdf.
The solar cycle index is based on monthly values of the F 10.7 index (10.7 cm solar radio flux) from NOAA's Space Environment Center (www.sec.noaa.gov) for the period 1992−2013. The 10-hPa zonal wind fields from the ERA-interim data are used to define the QBO index.
The statistical significance of the correlation between two autocorrelated time series was determined via a two-tailed Student's t-test using the effective number (N eff ) of degrees of freedom (DOF). We determined the N eff of DOF (Bretherton et al. 1999 ) using the following approximation (Xie et al. 2014b; Sun et al. 2014 ):
where N is the sample size, and r XX and r YY are the autocorrelations of the two sampled time series, X and Y, respectively, at time lag j.
The formulae to calculate the BD circulation in a pressure coordinate system are given by Edmon et al. (1980) ,
where q is the potential temperature, a is the radius of the earth, v is mean meridional wind, w is mean vertical velocity in pressure coordinates. Subscripts p and f denote derivatives with pressure p and latitude f, respectively. The overbar denotes the zonal mean and the accent denotes the deviations from the zonal mean value.
The water vapor data from 16 chemistry-climate models is also used in the study (Morgenstern et al. 2010) . These 16 models attended the Chemistry-Climate Model Validation Activity (CCMVal2, which is to improve understanding of ChemistryClimate Models and their underlying General Circulation Models through process-oriented evaluation, along with discussion and coordinated analysis of science results). Figure 1 shows the variations in the LSWV, LMSWV, an increase in solar radiation increases atomic oxygen in the first excited electronic state in the upper stratosphere related to the photo dissociation of ozone, and the atomic oxygen can react with water vapour. Thus, the PC1 of USWV is nearly anti-correlated with solar radiation. The QBO impacts the stratospheric water vapor by two processes: QBO influences the dynamical transport of chemical compounds and results in a further feedback of distribution anomalies of chemical compounds (Wallace et al. 1993; Randel and Wu 1996) ; In the equatorial upper stratosphere, the negative/positive QBO (easterly/westerly phase) is associated with positive/negative temperature anomaly, which negatively/ positively influence the ozone anomalies through photochemical reactions (Hauchecorne et al. 2010 ) that could photo-chemically bring about water vapor anomalies. To analyze the relationship between PC1 and the QBO, high-pass filtering was applied to PC1 (Fig. 3d) , revealing that the high-frequency oscillation of PC1 is indeed related to the QBO. It must be noted that the semi-annual oscillation (SAO) signal can also be found in the high-frequency variations of PC1. Figure 3 shows that the solar cycle and the QBO, the main controlling factors on the stratosphere, might have a joint impact on the changes in USWV.
Results
Figures 4a and 4b show the meridional cross sections of zonal mean USWV variations regressed onto the solar cycle and QBO indices, respectively. Both solar cycle and QBO seem to could cause maximal ~0.15 ppmv water vapor anomalies; however, the affected region by solar cycle is evidently larger than that by QBO. The USWV regressed onto solar cycle/QBO explains ~19%/12% variance. Figure 4c shows the joint impact of solar cycle and QBO on USWV. The spatial pattern of the joint impact is similar to the EOF1 pattern of USWV variations (Fig. 2b) . EOF1 is considered to relate to solar cycle and QBO.
To investigate in more detail the variations in SWV at dif- ferent levels and to understand the chemical processes of solar influencing the USWV (e.g., explaining why the USWV variations lag solar activity), climate-chemistry model is required. Figure 5 shows the upper SWV variations from the simulations performed by models in CCMVAL2 and from SWOOSH. Figure 5 illustrates that the simulated upper SWV variations are not consistent with the observation. This result indicates that state-of-the-art chemistry-climate models perform poorly in simulating the USWV, which is in agreement with previous studies (Eyring et al. 2010; Forster and Thompson 2011) . However, the simulated upper SWV variations are in agreement with the simulated lower-middle SWV with the former lagging the latter (Fig. 6 ) in a number of models. This result is not corresponding to our result based on observations, i.e., the upper SWV variations are not in agreement with the lower-middle SWV. It implies that the impact of lowermiddle SWV changes on the upper SWV caused by transport process may be too strong in the simulations, which covers the effect of chemical processes related to the solar cycle on upper SWV. In addition, the poor model performances likely indicate two problems in the models for water vapor simulation: first, most models have the largest error in simulating the amount of water vapor (lifted by convection) in the upper troposphere (Jiang et al. 2012) ; Second, the models also have difficulties in simulating the water vapor vertical transport across the tropopause from upper troposphere into the lower stratosphere and above, and even the reanalysis models have water vapor and chemical tracer vertical transport problems (Jiang et al. 2015; Minschwaner et al. 2016) . Above analysis may explain the poor performances of chemistryclimate models in simulating the stratospheric water vapor shown in this study. 
Conclusions
This study mainly investigated the variations in middle and upper SWV over the past two decades and attempted to identify the main controlling factors of these variations. We found that the upward transport of the LSWV variations (the tape-recorder phenomenon) controls the variations in water vapour between 100 and 10 hPa. However, the USWV variations are different to those of the middle and lower SWV. Based on EOF and regression analyses of the anomalous upper SWV variability, we found that the upper SWV variations, with an 11-year period controlled by the solar cycle as well as a 2-year cycle regulated by the QBO, dominates the overall variability. Nevertheless, while simulations by state-of-the-art chemistry-climate models of upper SWV variations remain poor, it will be challenging to investigate how the solar cycle influences the upper SWV.
